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Two-dimensional calculations of stratified
turbulent flow in a pipe

In this paper, we consider the stratified turbulent flow of a two-phase medium in inclined pipes. Based on
the new turbulence model [1], a program code for calculating two-dimensional flows for the study of two-
phase stratified flows in pipes was developed, including taking into account the rough of the pipeline wall.
The technique for calculating two-phase flows in extended pipelines is described. The problem of stationary
stratified two-phase flow in a pipe of constant cross section in the case of turbulent regime is numerically
solved. Calculations of the resistance of a rough pipe are carried out and the results on the influence of
roughness on pipe resistance and velocity distribution are presented.
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Introduction

Calculations of two-phase flows in long pipelines remain relevant in our time [2]. In connection with the
specific nature of the flow, the known turbulence models for such flows require an appropriate correction. Despite
a satisfactory description with the proposed modification of the resistance of the pipeline [3], there remains some
dissatisfaction with the description of velocity profiles. In the experiments, a small systematic deviation of the
velocity profiles in the axial region of the pipe from the logarithmic law
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where u, is the velocity in the laminar sublayer. This deviation obeys the so-called «speed defect law» in
Uy, — U

the form

=f (%), where the function f reflects the speed excess over the logarithmic law calculated
U
(t, is the maximum speed on the pipe axis). Since the CAM-1 turbulence model described in [3] does not give

such a deviation, a modification of the turbulence model, called CAM-2, was proposed in [1], where the logic of
choosing the necessary dependencies is shown.

When calculating a two-phase stratified flow with a horizontal interfacial surface, we will use the simplest
square grid in the cross section of the pipe, as was done in the case of laminar flow [4, 5]. Note that when
approximating the equations of laminar flow on a square grid, the main error appeared near the walls of the
pipe. In the case of turbulent flow, the situation becomes more complicated in connection with the special role
of the wall laminar sublayer and the buffer region. Even in the one-dimensional problem, in connection with the
singularity of the equations, it was necessary to use a grid of up to 5000 nodes with a condensation of the grid
near the wall [1]. In the two-dimensional case, this would lead to an unjustified increase in the counting time
and high demands on computational resources. A compromise solution in this situation is the use the «near —
wall» functions, i.e. special approximations of the unknown functions in the near-wall region.

1 Distribution of speed
An example of such an approach is the method of determining frictional stress by measurements of velocity
near the wall. Assuming that the velocity distribution obeys the logarithmic law:
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stress on the wall). To apply method the near-wall functions, it is necessary to have velocity approximations
suitable at any point close to the wall, including in the laminar sublayer and in the buffer zone. As such, an
approximation near a smooth wall, we can propose the following relationships:

from this relationship, can be determined u, = by the measured values of y and u (7, is the frictional

U C C
- =Cn(y) +Cy— >+ 2
and v Yy« for y, < 5. The values: C5, Cy are determined by the smooth conjugation of these formulas

Ux
for y. = 5. In the CAM-2 model [1] the following values of constants: Cy = 2.439, Cy = 5.386, C3 = 30.31,
Cy = 43.76 are accepted.
Special attention was consider to velocity distributions near the rough wall and approximations were
obtained
Y O (y> By — @+%‘,Bg — 8.5+ 1.78b — 0.89b2, (1)
« ke Ys  YS
where b = (Igk. — 2)°.

Thus, for a point, spaced by a distance y along the normal from the surface, the velocity of the fluid will
be known. These formulas allow us to determine the frictional stress, which is considered at this point equal
to friction on the wall. After this, the differentiation of the approximation formulas determines the viscosity,
from which the boundary condition for the turbulent viscosity transport equation can be obtained. This solves
the problem of the boundary condition for y > hs (hs is the height of roughness), which was mentioned in the
consideration of roughness [6].

2 Calculation of two-dimensional two-phase flows in a pipe

Consider in more detail the application of the CAM-2 turbulence model in the two-dimensional
approximation, changing the notation somewhat. Now let x, y be the Cartesian coordinates in the cross section
of the pipe, and the z coordinate is directed along the pipe axis. Accordingly, the longitudinal velocity is denoted
by w, vy is the turbulent viscosity, the total kinematic viscosity vs; = 14 +v (in the section of logarithmic velocity
distribution 75, ~ 7, = u2p), on the interface (h is the depth of the lower layer of the liquid), R is the radius of
the pipe.

For stationary problems for a circular pipe with allowance for the axial symmetry, the balance equation for
the turbulent viscosity is written in the form
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To approximate these equations on a square grid, the simplest approximation of the second order of accuracy
on a five-point template is used. It is important that equation (2) in the near-wall nodes of the grid is not
approximated, and the turbulent viscosity in them is determined with help of the near-wall functions, as was
described [1].

To organize iterations for solving difference equations with respect to the value of the desired function, in
the central node of the grid template it is possible. In addition, for convergence it is necessary to apply lower
relaxation [7]. The convergence turns out to be very slow, but due to the not too shallow grid, the counting
time is quite acceptable.

The program code of this solution by on the modified CAM-2 turbulence model for the two-dimensional
approximation made it possible to obtain the following results.

For speed, we have
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8 Results

Figure 1 shows the results of a two-dimensional calculation of drag and velocity profiles in a smooth pipe
on a square grid with 50 cells per radius (the fragment of the grid is shown in the left part of the Fig.)
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Figure 1. Results of a two-dimensional flow calculation
in a smooth pipe on the grid h/R = 0.02

A comparison with a more accurate one-dimensional calculation, the results of which are shown in [1]. For
convenience of comparison, we represent this result in Figure 2.
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1 — theoretical in the laminar regime; 2 — experimental Prandtl under turbulent regime; 3 — the velocity distribution
in the laminar sublayer; 4 — in the turbulent core of the current; 5 — coefficients of resistance over the CAM-2

Figure 2. Coefficient of resistance and velocity distribution in a smooth
pipe (the CAM-2 turbulence model) for the one-dimensional case

As a result of the numerical solution to the modified turbulence model (CAM-2), a graph of the dependence
of the drag coefficient on Re in logarithmic coordinates is constructed for the one-dimensional case and is shown
in blue circles in Figure 2. The results shown in Figure 2 give the best agreement with the experimental data
on frictional resistance given in [§].

In Figure 1, you can see that the use the near-wall functions provides acceptable accuracy. Let is attention
that in yellow circles speed values are marked in the grid node closest to the surface.

To judge the influence of the grid step on the accuracy of the calculation, in Figure 3 the results obtained

for 20 cells per radius are given. In this figure, you can see the principle of approximation of the boundary of
the calculated area, shown by a blue broken line.
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Figure 3. Results of two-dimensional flow computation
in a smooth pipe on a grid h/R = 0.05

As mentioned above, the near-wall functions can also be used for rough surfaces. The most famous results
on the influence of rough on pipe resistance and velocity distribution were obtained by I. Nikuradze [9] and are
given in many monographs and textbooks, for example [8, 10].

As a demonstration of this fact, and to check the accuracy of the approximations (1), we give in
Figures 4-7 the results of two-dimensional calculations of flows in rough pipes. We note that, with a significant
rough and a fine grid, several layers of grid cells can enter the zone of near — wall approximation, which
complicates the calculations. For this reason, the results of calculations with a strong rough are not given here.
The results shown in Figures 4-7 show that even calculations on a coarse grid have satisfactory accuracy. In
these figures, the blue circles are the results of calculating the resistance at a fixed roughness, the horizontal
line to the right is an experimentally determined resistance with full roughness, and the dark blue circle is the
experimental value of the minimum coefficient of resistance.
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Figure 4. Results of two-dimensional calculation of flow in a pipe
with the roughness R/hs; = 507, on a grid h/R = 0.05
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Figure 5. Results of two-dimensional calculation of flow in a pipe
with the roughness R/hs = 252, on a grid h/R = 0.05
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Figure 6. Results of two-dimensional calculation of flow in a pipe
with the roughness R/hs; = 126, on a grid h/R = 0.05
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Figure 7. Results of two-dimensional calculation of flow in a pipe
with the roughness R/hs = 60, on a grid h/R = 0.05
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4 Conclusion

In this paper, we present the results of a two-dimensional calculation of the flow in a pipe based on the CAM-2
turbulence model, where the turbulent viscosity balance equations are used. The technique for calculating two-
phase flows in long pipelines is described, and with roughness. In the formulation of the corresponding conditions
at the level of the maximum roughness height (or higher), this method is combined with the method of applying
the near-wall functions describing the distribution of parameters near the wall and resting on experimental data.
The results of calculations with this roughness description are given in the form of dependences of laminar and
turbulent resistances on the Reynolds number, and in the form of a velocity distribution calculated from the
equations of the model.

This work was supported by the Scientific Committee of the Ministry of Education and Science of the Republic
of Kazakhstan (grant 5318 / GF4).
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C.K. Margees, H.2K. 2Koitmi6ekos, b.C. Illarabaesa, /1. 2Kycymnosa

KyObip/iarbl crpaTudunupjaaHfal TypOyJIeHTTIK
aFbIMHBIH, €KieJIIIeM/Ii ecernreyjepi

Maxkanana rocdazasbl opraga Kejabey KyObIpJapafbl CTpaTH(GUIMPIAHFaH TypOYJIEHTTIK aFbiM Kapac-
teipbLabl. 2Kana TypOymenTrik Momens [1] merisimme kocdaszansl crparndunmpIanFaH, COHBIMEH KATAD
KYOBIp/IbIH, 0eTi KeIip-Oy/IbIp >Karaaigarbl, TypPOYJIEHTTIK arbIMIap/Ibl 3epTTEy MaKCATBIHIA, €KieJImeM i
aFrpIMJIAp VIIIH MPOrpPaMMAJIbIK KO »Ka3bLiabl. COo3bLIFaH KyOBIpJIAarbl KOCha3asbl aFbIMIapIbl eCcernTey-
HiH omicremeci YCHIHBLIALL. TypOy/leHTTI pekuMaeri TYpakThl KUMa KaFrJaiia CTAIOHAPJIBI CTPATH(U-
mupJIaHFralH Kocdasalibl aFbIMHBIH, ecebi mrenrii. Kemip-Oyabipibl KyObIpJiap/IblH, KeJdeprici »KoHe KeJip-
OYIBIPJIBIKTHIH KYOBIDJIBIH KeJIepriciHe ocepi XKoHe YKbLIIAMIBIKTAPIBIH TapaThLIYbl €CeMTe i /I,

Kiam cesdep: crparudunupianrad TypOyJIeHTTIK arbIM, KeIepri, eKieamemal ecenTeysep, Keaip-Oyabip
oer.

C.K. Margees, H.2K. 2Koitmioekos, b.C. Illarabaesa, /1. 2Kycynopa

JIByMepHbIe pacdeTbl CTPATUMUIIMPOBAHHOIO
TypOyJIEHTHOTO IIOTOKa B TpyOe

B crarpe paccmorpeno crparudunmpoBarnHOoe TypOyJIEHTHOE TedeHne NBYXMas3HOU Cpe/bl B HAKJIOHHBIX
Tpy6ax. Ha ocHOBe HOBOII Momesnn TypOynenTHocTH [1] 6b11 paspaboraH OPOrpaMMHBIA KO /IS pacdera
JIBYMEDHBIX TE€UEHU JJIsi M3ydeHUsl ABYX(a3HbIX CTPATU(PUIMPOBAHHBIX TEeYeHU B TpyHax, B TOM YHC-
JIe C yIeTOM IIEPOXOBATOCTHU CTEeHKU Tpybomposoga. Onmcana MeTOAMKA pacdera AByX(a3HBIX TEUYEHU B
MIPOTSI?)KEHHBIX TPYOOIPOBOAaxX. YHUCIEHHO peleHa mpod/ieMa CTAIMOHAPHOTO CTPATUMUITUPOBAHHOIO JIBY X~
da3HOro MoTOKa B TPybHe IMOCTOSIHHOTO CeYeHMsl B ciiydae TypOyJIeHTHOro pexkuma. [IpoBemeHbl pacyeTsl
COTIPOTHUBJIEHUSI IIIEPOXOBATON TPYOBI, U MIPEJICTABJIEHBI PE3Y/ILTATHI IO BJIUSHIIO IIIEPOXOBATOCTH HA COMPO-
TUBJIEHUE TPYObI M PACIPEesIeHUe CKOPOCTEI.

Kmouesvie crosa: crparudunnpoBaHHbIN TYyPOYJIEHTHBIN TOTOK, COMPOTUBJICHUE, IBYMEPHBIE PACIETHI, IITe-
poxoBaTas IOBEPXHOCTb.
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